
Vitamin D Treatment during Pregnancy and Maternal and Neonatal Cord Blood
Metal Concentrations at Delivery: Results of a Randomized Controlled Trial in
Bangladesh
Anne Marie Z. Jukic,1 Anna Zuchniak,2,3 Huma Qamar,3 Tahmeed Ahmed,4 Abdullah Al Mahmud,4 and Daniel E. Roth2,3,5

1Epidemiology Branch, National Institute of Environmental Health Sciences, National Institutes of Health, Department of Health and Human Services, Durham,
North Carolina, USA
2Department of Nutritional Sciences, University of Toronto, Toronto, Ontario, Canada
3Centre for Global Child Health and SickKids Research Institute, The Hospital for Sick Children, Toronto, Ontario, Canada
4International Centre for Diarrhoeal Disease Research, Bangladesh, Dhaka, Bangladesh
5Department of Paediatrics, Hospital for Sick Children and University of Toronto, Toronto, Ontario, Canada

BACKGROUND: Vitamin D improves absorption of calcium; however, in animal studies vitamin D also increases the absorption of toxic metals, such
as lead and cadmium.

OBJECTIVES: We examined maternal and neonatal cord blood levels of lead, cadmium, manganese, and mercury after supplementation with vitamin
D during pregnancy.

METHODS: The Maternal Vitamin D for Infant Growth trial was a randomized, placebo-controlled, multi-arm study of maternal vitamin D supplemen-
tation during pregnancy in Dhaka, Bangladesh (NCT01924013). Women were randomized during their second trimester to blinded weekly doses of
placebo or 4,200, 16,800, or 28,000 IU of vitamin D3 throughout pregnancy. Each group had 118–239 maternal blood specimens and 100–201 cord
blood samples analyzed. Metals were measured using inductively coupled plasma mass spectrometry. Unadjusted estimates from linear regression
models were expressed as percentage differences. Cord blood cadmium was analyzed as detectable or undetectable with log-binomial regression.

RESULTS: Maternal cadmium, mercury, and manganese levels were nearly identical across groups. Maternal lead levels were 6.3%, 7.4%, and 6.0%
higher in the treatment groups (4,200, 16,800, and 28,000 IU, respectively) vs. placebo; however, 95% confidence intervals (CIs) showed that differ-
ences from 4.1% lower to 20% higher were compatible with the data. In treatment groups (4,200, 16,800, 28,000 IU) vs. placebo, neonatal cord blood
lead levels were 8.5% (95% CI: −3:5, 22), 16% (95% CI: 3.3, 30), and 11% (95% CI: 0.4, 23) higher and had higher risk of detectable cadmium, rela-
tive risk ðRRÞ=2:2 (95% CI: 1.3, 3.7), RR=1:4 (95% CI: 0.8, 2.5), RR=1:7 (95% CI: 1.0, 2.9).
DISCUSSION: Vitamin D supplementation from the second trimester of pregnancy did not influence maternal cadmium, mercury, or manganese levels
at delivery. Vitamin D was associated with nonsignificant increases in maternal lead and with significant increases in cord blood lead and cadmium.
These associations were not dose dependent. Given that there are no safe levels of metals in infants, the observed increases in cord blood lead and
cadmium require further exploration. https://doi.org/10.1289/EHP7265

Introduction
Vitamin D is important for building healthy bones partly due to
its role in stimulating calcium absorption. Adequate vitamin D is
associated with improved absorption of not only calcium but also
other essential elements, such as magnesium, iron, phosphate,
zinc, and copper (Moon 1994). However, in addition to essential
metals, in animal studies vitamin D treatment also increases the
absorption of toxic metals, such as lead and cadmium (Goyer
1997; Moon 1994). In children, blood lead rises in the summer,
and one proposed mechanism is the seasonal increase in vitamin
D synthesis in the skin (Ngueta et al. 2015).

Calcium can interfere with toxic metal absorption [reviewed by
Goyer (1997) and (Moon 1994)]. In fact, the Centers for Disease
Control and Prevention (CDC) recommends calcium supplementa-
tion to prevent lead exposure in children (CDC 2002). Although

lead is the most well documented, calcium has also been reported
to modulate the absorption of other toxic metals, such as cadmium
(Schwalfenberg and Genuis 2015). Although calcium reduces the
absorption of toxic metals, it may not fully prevent it, because vita-
min D may also stimulate the uptake of toxic metals through a
mechanism unrelated to calcium, for example through a passive
process across intercellular spaces (Moon 1994).

Both the Endocrine Society (Holick et al. 2011) and the Institute
of Medicine [Institute of Medicine (US) Committee to Review
Dietary Reference Intakes for VitaminD andCalcium 2011] recom-
mend that adultsmaintain a 25-hydroxyvitaminD (25OHD), the cir-
culating serum or plasma biomarker of vitamin D [Holick et al.
2011; Hollis 2004; Institute ofMedicine (US)Committee to Review
Dietary Reference Intakes for Vitamin D and Calcium 2011] level
of at least 50 nmol=L. These recommendations have been criticized
as being inadequate for pregnant women, with some authors sug-
gesting that higher levels, 100–150 nmol=L, may be required to
reduce the risk of pregnancy complications (Wagner and Hollis
2018). At the same time, high levels of 25OHD have also been asso-
ciated with detrimental health outcomes, such as cancer and cardio-
vascular disease (Durup et al. 2015; Schwalfenberg and Genuis
2015). One proposed mechanism for this U-shaped association is
vitamin D’s hypothesized ability to stimulate the absorption of toxic
metals (Schwalfenberg and Genuis 2015). Only one randomized
trial has investigated whether vitamin D supplementation increases
circulating levels of toxic metals in humans. This study of human
immunodeficiency virus (HIV)-positive children and adolescents
found that vitamin D treatment was not associated with increased
blood lead, and that, in fact, the concomitant increase in 25OHD
that occurred with vitamin D treatment was associated with a
decrease in blood lead (Groleau et al. 2013). Mercury absorption
has not been associated with vitamin D treatment in animals, but a
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recent observational study reported a nonsignificant increase inmer-
cury with higher dietary vitamin D intake (Arbuckle et al. 2016). In
total, it is unclear whether vitamin D treatment increases, decreases,
or has no effect on circulating levels of toxicmetals.

To our knowledge, no randomized trials of pregnant women
have investigated vitamin D supplementation and levels of circu-
lating metals. This is a critical research gap, given that maternal
exposure to metals could have lasting consequences for infant
growth or neurodevelopment (ATSDR 1999, 2007, 2012a).
Cadmium (ATSDR 2012a), lead (ATSDR 2007), and mercury
(ATSDR 1999) are toxicants that can cross the placenta and can
cause several poor health outcomes, including low birth weight
or growth restriction (ATSDR 2007, 2012a; Bloom et al. 2015;
Johnston et al. 2014), preterm delivery (ATSDR 2007), and de-
velopmental delays (ATSDR 1999, 2007, 2012a; Kim et al.
2013; Yu et al. 2011), although for some metals the human stud-
ies are conflicting (ATSDR 2012a; Bloom et al. 2015). Maternal
cadmium levels have been associated with reduced gestational
age–adjusted birth weight and increased growth restriction in
Bangladesh (Kippler et al. 2012a, 2012b). Early life cadmium
has been associated with reduced weight and height at 5 years of
age in Bangladesh (Gardner et al. 2013).

The aim of this study was to examine the blood levels of toxic
metals (lead, cadmium, manganese, and mercury) in response to
4,200, 16,800, or 28,000 IU/wk of vitamin D supplementation dur-
ing pregnancy (compared with placebo) administered during a
randomized clinical trial inBangladesh (Roth et al. 2015). If vitamin
D supplementation increases levels of lead, cadmium, ormercury, it
would suggest that high levels of supplementation be avoided by
women seeking pregnancy orwho are already pregnant.

Methods

Study Population
This is a secondary analysis from the Maternal Vitamin D for
Infant Growth (MDIG) trial, which was a randomized, double-
blinded, placebo-controlled, dose-ranging multi-arm study of
maternal vitamin D supplementation during pregnancy in Dhaka,
Bangladesh (NCT01924013). The original aim of the trial was to
investigate the effect of maternal prenatal and postpartum vitamin
D supplementation on infant length at 1 year of age. Women
were recruited from government-funded health care facilities dur-
ing their second trimester (17–24 wk gestation) from March 2014
to September 2015. Gestational age of pregnancy was based on
the recalled last menstrual period estimate unless it differed by
more than 5 d from a first trimester ultrasound if available or
more than 10 d from the second trimester ultrasound performed
by study technicians. Women were eligible if they were at least
18 years of age and intending to stay in the trial area for at least
18 months. They were ineligible if they had a medical condition
that might alter vitamin D metabolism or if they had other risk
factors, such as low hemoglobin, proteinuria, high blood pres-
sure, multiple gestations, or congenital anomaly. Each participant
received a blinded, prelabeled supplement packet according to a
sequential unique identifier. The company that produced the sup-
plement created the blinded packets using a random number
sequence generated by, and known only to, the trial statistician
according to a simple randomization scheme (i.e., there was no
stratification or blocking). Further details about this trial have
been published (Roth et al. 2015).

Participants in the trial were randomized to receive blinded
weekly doses of 4,200, 16,800, or 28,000 IU of vitamin D3 (chole-
calciferol) or placebo throughout pregnancy. Supplements were
purchased from the Toronto Institute of Pharmaceutical Technology
(TIPT). TheTIPTdoes notmarket these supplements commercially.

Supplementation was administered weekly by trained study person-
nel either in the participant’s home or in the clinic. In addition,
women were offered 500 mg=d of calcium, 66 mg=d of elemental
iron, and 350 lg=d of folic acid, the latter two being standard for-
mulations available in Bangladesh. Adherence to routine calcium
supplements was high, with >85% of participants reporting >85%
adherence during a mid-trial audit. Mothers and infants were fol-
lowed up routinely until the children were 2 years of age, with an-
thropometricmeasurements taken starting at birth.

The trial included 1,300 women, 260 in each arm (placebo,
4,200, and 16,000 IU/wk) except the 28,000 IU group, which had
520 women. The latter group was larger because half of the group
received 28,000 IU prenatally and the other half received 28,000
IU both prenatally and postnatally.

Blood Collection
Trained phlebotomists collected maternal blood and cord venous
blood specimens at delivery. Maternal samples were drawn into
trace metal–free ethylenediaminetetraacetic acid (EDTA)–coated
tubes and whole-blood aliquots were immediately drawn from
each tube (before centrifugation). For the cord blood, as soon as
possible after delivery (within 30 min), a site on the umbilical
cord attached to the placenta was wiped with dry gauze to remove
maternal blood. The umbilical vein was cannulated, and blood
was collected into an EDTA lavender-top tube. Whole blood was
stored at −70�C or colder in a freezer with a backup generator
support and monitoring.

All women provided written informed consent that included
the use of biospecimens in future research. The MDIG trial was
approved by the research ethics board of the Hospital for Sick
Children (Canada) and the ethical review committee of the
International Center for Diarrheal Disease Research, Bangladesh.
This nested substudy was approved by the research ethics board
of the Hospital for Sick Children. The data analysis performed at
the National Institute of Environmental Health Sciences was not
considered to be human subjects research.

Measurement of Metals
The concentrations of maternal and umbilical whole-blood metals
were measured in samples collected at the time of delivery.
Cadmium, lead, mercury, and manganese were measured using
inductively coupled plasma mass spectrometry at the CDC
(Atlanta, GA) using validated, previously described laboratory
methods (CDC 2012). Measurements of whole-blood metals are
an important exposure biomarker because they reflect the amount
of the metal circulating in the body from all environmental sour-
ces including air, water, and food and from internal stores during
mobilization (CDC 2012).

Each analytical run was conducted using two (or three) levels
of highly characterized quality control (QC) materials at the be-
ginning and end of the run and was evaluated by an extended set
of Westgard QC rules according to the division’s QC require-
ments (Caudill et al. 2008). Each analytical method successfully
participated in external Proficiency Testing (PT) programs
according to Clinical Laboratory Improvement Amendments
requirements. The analytical methods were validated using both
historical PT materials as well as the National Institute of
Standards and Technology (NIST) Standard Reference Materials
or NIST traceable Reference Materials. Unused storage cryovials
(n=25) and caps were tested for the presence of manganese,
mercury, cadmium, selenium, and lead using a standardized
water-based leaching procedure (Ward et al. 2018). The vials did
not contain significant levels of the analytes.
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Of the 1,254 live births in the trial, some blood specimens
were not available for metals analysis for the following reasons:
Some women did not deliver at study hospitals, so blood could
not be collected; plasma and serum were prioritized over whole
blood, so if specimen volume was low, whole-blood aliquots
may not have been generated; and some whole-blood samples
could not be assayed due to micro-clotting. This left 619 mater-
nal specimens and 516 cord blood specimens to be assayed
(Figure 1). Each treatment group had 118 (45% of pregnant
women originally enrolled in the MDIG), 141 (54%), 121 (47%),
and 239 (46%) maternal blood specimens analyzed, respectively.
Cord blood samples were analyzed for 100 (38%), 104 (40%), 111
(43%), and 201 (39%) pregnancies. A comparison of the women
who had specimens measured for metals in this substudy and the
MDIG participants who did not is presented in Table 1.

Measurement of 25OHD
Serum 25OHD concentrations were measured using liquid chro-
matography–tandem mass spectrometry at the Analytical Facility
for Bioactive Molecules (AFBM) laboratory at the Hospital for
Sick Children (Toronto, Canada). The AFBM participates in the
Vitamin D External Quality Assessment Scheme Occasional
Analyst certification program. Average inter-assay and intra-assay
coefficients of variation were 10% and 5%, respectively. None of
the samples were below the limit of quantification, which was
1:25 nmol=L.

Covariates
Given the randomized trial design, we did not hypothesize any
adjustment factors a priori. However, covariates were included
as stratification variables in sensitivity analyses (described in the
section “Sensitivity Analysis”) and for description of the study

population. Covariates included were gestational age at enroll-
ment, treatment adherence, smoking status, anemia, body mass
index (BMI), fish consumption, water source, asset index, and
month of enrollment (further described below).

Gestational age at enrollment was estimated using a combina-
tion of both last menstrual period and ultrasound. Vitamin D was
dispensed at weekly study visits and treatment adherence was cal-
culated as the percentage of scheduled prenatal vitamin D doses
that were consumed. Smoking status was described using urinary
cotinine level. Women with a urinary cotinine level of 50 ng=mL
or less were considered nonsmokers and women above this cutoff
were considered smokers (Kim 2016). Anemiawas defined as a he-
moglobin level at enrollment (∼20 wk of gestation) of <104 g=L
[Institute of Medicine (US) Committee on the Prevention
Detection, and Management of Iron Deficiency Anemia Among
U.S. Children and Women of Childbearing Age 1993]. Because
womenwere enrolled during pregnancy, we did not have ameasure
of prepregnancy weight. Instead, BMI derived from height and
weight measured at 12 months postpartumwas used. Consumption
of small, medium, and large fish over the past month was queried
with a targeted dietary recall. Respondents described their fre-
quency of consumption by choosing one of seven categories rang-
ing from “never” to “more than 1 time per day: ____ times/day.”
Water sourcewas categorized as “piped into house/plot” and “deep
tube well or bore hole.” Less than 0.5% of women reported their
water source as “public tap” or “unknown,” and they were
excluded from analyses that included water source. Water source
may be associated with metals levels if it is also related to the
amount of surface vs. groundwater present because those types of
water differ in sources of pollution and metals levels (Hasan et al.
2019). An asset index was constructed from a baseline survey on
household characteristics (Roth et al. 2018). In brief, ownership
(yes/no) of the following 19 items was self-reported: private toilet,

47 maternal, 8 cord 
exclusions due to 
micro-clo�ng  

Randomized (n=1300) 

520 
28000 IU/week  

260 
16800 IU/week  

5 Exclusions/ withdrawals 
- 1 maternal death 
- 1 protocol viola�ons
- 3 lost to follow-up

165 maternal, 108 cord 
Whole blood aliquots 
available for analysis  

163 maternal, 109 cord 
Whole blood aliquots 
available for analysis   

157 maternal, 119 cord 
Whole blood aliquots 
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315 maternal, 216 cord 
Whole blood aliquots 
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118 maternal, 108 cord 141 maternal, 104 cord 121 maternal, 111 cord 239 maternal, 201 cord 
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Figure 1. CONSORT diagram showing the maternal and cord samples from the MDIG trial that were analyzed for metal levels at the CDC. Note: CDC,
Centers for Disease Control and Prevention; CONSORT, Consolidated Standards of Reporting Trials; MDIG, Maternal Vitamin D for Infant Growth.
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electricity, radio, TV, mobile phone, nonmobile phone, fridge,
almirah/wardrobe, table, chair, electric fan, DVD/CD player, auto-
bike, rickshaw/van, bicycle, motorcycle/motor scooter/tempo/
CNG (motorized rickshaw), livestock/herds/farm animals/poultry,
homestead, and land. The first principal component from a princi-
pal component analysis was used to assign each participant an asset
score (lower scores reflect less wealth). This asset index was cate-
gorized into quintiles for the analysis.

Statistical Analysis
Metal levels were natural log-transformed for analysis. We calcu-
lated median, 25th, and 75th percentiles of metal concentration for
each treatment group and in both maternal and cord blood samples.
We used an unadjusted, intention-to-treat, linear regression to
compare metal levels across treatment groups. Beta estimates from
the regression model were exponentiated and one was subtracted
from that number, then each result was multiplied by 100 and
expressed as the percentage difference. Likelihood ratio p-values
were calculated for a model with the three indicator variables for
treatment group and without. Many of the neonatal cord blood cad-
mium levels were below the limit of detection (LOD; 0:1 lg=L;
76%), and, thus, cadmium was dichotomized into detectable and
undetectable and analyzed with a log-binomial regression model.
One maternal sample was below the LOD for lead and this was
imputed as the LOD for analysis. The LODs for the other metals
were as follows: manganese= 0:99 lg=L, lead= 0:1 lg=L, and
mercury= 0:28 lg=L. None of the other samples were below their
LOD.

Sensitivity Analyses
First, we investigated the potential interaction between baseline
25OHD and metals level at delivery by examining a) the
Spearman correlation between baseline 25OHD and natural log-
transformed metal levels at delivery; b) the Spearman correlation
between natural log-transformed metals levels and the change

Table 1.Maternal characteristics [n ð%Þ] at enrollment among women in the
entire MDIG trial compared with women in the metals substudy.

Characteristics

Participants
without metals

data

Participants with
delivery and cord
metals, or both p-Valuea

Enrolled participants (n) 679 619
Gestational age at

enrollment (wk)
0.91

<19 198 (29.2) 170 (27.5)
19–20 111 (16.3) 107 (17.3)
21–22 201 (29.6) 188 (30.4)
>22 169 (24.9) 154 (24.9)

Age (y) 0.21
18–20 258 (38.0) 204 (33.0)
21–25 251 (37.0) 252 (40.7)
26–30 141 (20.8) 129 (20.8)
>30 29 (4.3) 34 (5.5)

Education 0.62
No schooling 33 (4.9) 25 (4.0)
Primary incomplete 150 (22.1) 127 (20.5)
Primary complete 89 (13.1) 90 (14.5)
Secondary incomplete 266 (39.2) 232 (37.5)
Secondary complete 141 (20.8) 145 (23.4)
Asset index (quintile)b 0.94
1 139 (20.9) 122 (19.8)
2 128 (19.3) 123 (20.0)
3 128 (19.3) 128 (20.8)
4 134 (20.2) 123 (20.0)
5 135 (20.3) 120 (19.5)
Employmentc 0.65
Homemaker 622 (93.4) 580 (94.0)
Other 44 (6.6) 37 (6.0)
Gravidityd 0.22
1 266 (39.2) 218 (35.2)
2 214 (31.5) 218 (35.2)
3 146 (21.5) 123 (19.9)
≥4 53 (7.8) 60 (9.7)

Baseline 25OHD (nmol/L) 0.84
<20 227 (33.6) 215 (34.9)
20–<40 325 (48.1) 300 (48.7)
40–<50 74 (11.0) 62 (10.1)
≥50 49 (7.3) 39 (6.3)

Treatment adherence (%) 0.001
≤95 141 (20.8) 43 (6.9)
>95 538 (79.2) 576 (93.1)

Smoking status (by cotinine)e 0.001
Missing 669 (98.5) 200 (32.3)
Nonsmoker 10 (1.5) 399 (64.5)
Smoker 0 (0.0) 20 (3.2)
BMI (kg=m2)f 0.001
Missing (n) 119 (17.5) 57 (9.2)
<18:5 67 (9.9) 59 (9.5)
18.5–25 305 (44.9) 276 (44.6)
>25–30 140 (20.6) 180 (29.1)
>30 48 (7.1) 47 (7.6)

Anemia (Hb<104 g=L) 0.32
No 421 (62.0) 367 (59.3)
Yes 258 (38.0) 252 (40.7)
Water sourcec 0.02
Piped into house/plot 509 (76.4) 511 (82.8)
Public tap 3 (0.5) 2 (0.3)
Deep tube well or bore hole 150 (22.5) 103 (16.7)
Unknown 4 (0.6) 1 (0.2)
Month of enrollment 0.001
March–May 196 (28.9) 269 (43.5)
June–August 175 (25.8) 237 (38.3)
September–November 148 (21.8) 77 (12.4)
December–February 160 (23.6) 36 (5.8)
Protein consumption (tertile) 0.62
Lowest 193 (28.4) 191 (30.9)
Middle 219 (32.3) 196 (31.7)
Highest 267 (39.3) 232 (37.5)

Table 1. (Continued.)

Characteristics

Participants
without metals

data

Participants with
delivery and cord
metals, or both p-Valuea

Small fish consumption 0.02
Never 184 (27.1) 207 (33.4)
1–3 times a month 207 (30.5) 200 (32.3)
Once a week 86 (12.7) 67 (10.8)
≥2 times a week 202 (29.7) 145 (23.4)

Medium fish consumption 0.02
Never 245 (36.1) 182 (29.4)
1–3 times a month 144 (21.2) 170 (27.5)
Once a week 68 (10.0) 61 (9.9)
≥2 times a week 222 (32.7) 206 (33.3)

Large fish consumption 0.004
Never 118 (17.4) 124 (20.0)
1–3 times a month 185 (27.2) 203 (32.8)
Once a week 90 (13.3) 91 (14.7)
≥2 times a week 286 (42.1) 201 (32.5)

Note: BMI, body mass index; Hb, hemoglobin; MDIG, Maternal Vitamin D for Infant
Growth; nCd-study, number in sample from the cadmium study; nMDIG, number in sample
from Maternal Vitamin D for Infant Growth; 25OHD, 25-hydroxyvitamin D.
aParametric and nonparametric tests were used to assess any differences between groups
(t-test, Mann-Whitney U test, chi-square test); metals sub-study participants were com-
pared to MDIG participants who were not eligible for inclusion in the metals study
(n=679).
bnMDIG = 664, nMetals sub-study = 616.
cnMDIG = 666, nMetals sub-study = 617.
dNumber of pregnancies, including the current pregnancy.
eUrine cotinine was measured among women with blood samples available for metals
analysis.
fnMDIG = 560, nMetals sub-study = 562.
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Table 2. Demographic and behavioral characteristics at enrollment, stratified by vitamin D treatment group.

Characteristics

Overall

Treatment group (IU/wk)

p-Value

Placebo 4,200 16,800 28,000

n (%) n (%) n (%) n (%) n (%)

Enrolled participants (n)a 619 118 141 121 239
Gestational age at

enrollment (wk)
<19 170 (27.5) 26 (22.0) 41 (29.1) 34 (28.1) 69 (28.9) 0.32
19–20 107 (17.3) 20 (16.9) 32 (22.7) 18 (14.9) 37 (15.5)
21–22 188 (30.4) 34 (28.8) 37 (26.2) 37 (30.6) 80 (33.5)
>22 154 (24.9) 38 (32.2) 31 (22.0) 32 (26.4) 53 (22.2)

Age (y)
18–20 204 (33.0) 45 (38.1) 43 (30.5) 40 (33.1) 76 (31.8) 0.44
21–25 252 (40.7) 40 (33.9) 61 (43.3) 53 (43.8) 98 (41.0)
26–30 129 (20.8) 25 (21.2) 25 (17.7) 24 (19.8) 55 (23.0)
>30 34 (5.5) 8 (6.8) 12 (8.5) 4 (3.3) 10 (4.2)

Education
No schooling 25 (4.0) 3 (2.5) 4 (2.8) 5 (4.1) 13 (5.4) 0.36
Primary incomplete 127 (20.5) 26 (22.0) 26 (18.4) 25 (20.7) 50 (20.9)
Primary complete 90 (14.5) 18 (15.3) 21 (14.9) 12 (9.9) 39 (16.3)
Secondary incomplete 232 (37.5) 42 (35.6) 48 (34.0) 57 (47.1) 85 (35.6)
Secondary complete 145 (23.4) 29 (24.6) 42 (29.8) 22 (18.2) 52 (21.8)
Asset index (quintile)
1 122 (19.7) 27 (22.9) 27 (19.1) 15 (12.4) 53 (22.2) 0.65
2 123 (19.9) 20 (16.9) 31 (22.0) 28 (23.1) 44 (18.4)
3 128 (20.7) 25 (21.2) 25 (17.7) 30 (24.8) 48 (20.1)
4 123 (19.9) 25 (21.2) 25 (17.7) 26 (21.5) 47 (19.7)
5 120 (19.4) 21 (17.8) 32 (22.7) 22 (18.2) 45 (18.8)
Employment
Homemaker 580 (93.7) 113 (95.8) 133 (94.3) 112 (92.6) 222 (92.9) 0.76
Other 37 (6.0) 5 (4.2) 8 (5.7) 9 (7.4) 15 (6.3)
Gravidityb

1 218 (35.2) 40 (33.9) 52 (36.9) 45 (37.2) 81 (33.9) 0.47
2 218 (35.2) 43 (36.4) 47 (33.3) 34 (28.1) 94 (39.3)
3 123 (19.9) 20 (16.9) 32 (22.7) 27 (22.3) 44 (18.4)
≥4 60 (9.7) 15 (12.7) 10 (7.1) 15 (12.4) 20 (8.4)

Baseline 25OHD (nmol/L)
<20 215 (34.7) 38 (32.2) 48 (34.0) 39 (32.2) 90 (37.7) 0.21
20–<40 300 (48.5) 61 (51.7) 71 (50.4) 58 (47.9) 110 (46.0)
40–<50 62 (10.0) 15 (12.7) 15 (10.6) 10 (8.3) 22 (9.2)
≥50 39 (6.3) 3 (2.5) 6 (4.3) 14 (11.6) 16 (6.7)

Treatment adherence (%)
<95 37 (6.0) 8 (6.8) 6 (4.3) 8 (6.6) 15 (6.3) 0.80
≥95 582 (94.0) 110 (93.2) 135 (95.7) 113 (93.4) 224 (93.7)

Smoking status (by cotinine)
Missing 200 (32.3) 38 (32.2) 52 (36.9) 43 (35.5) 67 (28.0) 0.57
Nonsmoker 399 (64.5) 77 (65.3) 85 (60.3) 76 (62.8) 161 (67.4)
Smoker 20 (3.2) 3 (2.5) 4 (2.8) 2 (1.7) 11 (4.6)
BMI (kg=m2)
Missing 57 (9.2) 13 (11.0) 14 (9.9) 4 (3.3) 26 (10.9) 0.41
<18:5 59 (9.5) 13 (11.0) 15 (10.6) 10 (8.3) 21 (8.8)
18.5–25 276 (44.6) 57 (48.3) 66 (46.8) 50 (41.3) 103 (43.1)
>25–30 180 (29.1) 28 (23.7) 33 (23.4) 48 (39.7) 71 (29.7)
>30 47 (7.6) 7 (5.9) 13 (9.2) 9 (7.4) 18 (7.5)

Anemia (Hb<104 g=L)
No 367 (59.3) 66 (55.9) 85 (60.3) 69 (57.0) 147 (61.5) 0.72
Yes 252 (40.7) 52 (44.1) 56 (39.7) 52 (43.0) 92 (38.5)
Water source
Piped into house/plot 511 (82.6) 96 (81.4) 105 (74.5) 105 (86.8) 205 (85.8) 0.05
Public tap 2 (0.3) 0 0 0 0 0 0 2 (0.8)
Deep tube well or bore hole 103 (16.6) 22 (18.6) 36 (25.5) 16 (13.2) 29 (12.1)
Unknown 1 (0.2) 0 0 0 0 0 0 1 (0.4)
Month of enrollment
March–May 269 (43.5) 52 (44.1) 57 (40.4) 54 (44.6) 106 (44.4) 1.0
June–August 237 (38.3) 45 (38.1) 58 (41.1) 45 (37.2) 89 (37.2)
September–November 77 (12.4) 14 (11.9) 16 (11.3) 16 (13.2) 31 (13.0)
December–February 36 (5.8) 7 (5.9) 10 (7.1) 6 (5.0) 13 (5.4)
Small fish consumption
Never 207 (33.4) 37 (31.4) 51 (36.2) 38 (31.4) 81 (33.9) 0.68
1–3 times a month 200 (32.3) 36 (30.5) 48 (34.0) 40 (33.1) 76 (31.8)
Once a week 67 (10.8) 13 (11.0) 13 (9.2) 19 (15.7) 22 (9.2)
≥2 times a week 145 (23.4) 32 (27.1) 29 (20.6) 24 (19.8) 60 (25.1)
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in 25OHD from baseline to delivery; and c) the treatment
group effects after excluding women with sufficient 25OHD
(≥50 nmol=L) at baseline. Second, we examined whether results
differed if analyses were limited to women with at least 95% ad-
herence to treatment. Third, we further explored the associations
between vitamin D treatment and metals after adjusting for water
source, BMI, and month. These were included based on hypothe-
ses that a) water source may provide different levels of metals ex-
posure (as previously described in the section “Covariates”); b)
vitamin D treatment effects may be modulated by BMI (Holick
et al. 2011); and c) there are monthly patterns to metal exposure
in Bangladesh (Hasan et al. 2019). We also examined the inter-
action between vitamin D treatment and BMI through a strati-
fied analysis. Interaction p-values were calculated by entering
an interaction term between treatment group and a dichotomous
indicator variable for obese/overweight vs. normal/underweight
in the model.

Results

Descriptive Characteristics
Compared with the full MDIG cohort, women and infants that
had metals data were more likely to have high treatment adher-
ence, which occurred by design, given that metals were measured
in delivery blood, which required women to stay in the study
until delivery (Table 1). Similarly, women and infants with met-
als data were also more likely to have BMI information, again,
most likely because BMI was not measured until 12 months post-
partum. Participants with metals data were more likely to have
their water piped into the house and were more likely to have en-
rolled between March and May (and less likely to have enrolled
between December and February). They were also more likely to
never eat small-sized fish, to eat medium-sized fish, and to less
frequently eat large-sized fish.

This analysis was conducted among a subset of women who
had biospecimens available for metals measurement. Although
the full cohort was randomized, it was possible that maternal
characteristics were not equally distributed across groups in this
subset. For the most part, characteristics were balanced across
treatment groups. One variable did show some difference:
Women who reported having a deep tube well as their water
source were more likely to be in the placebo or lowest treatment
groups (chi-square p=0:0063) (Table 2). None of the other vari-
ables differed across treatment groups (p>0:1).

Lead levels were high in this population, with 90% of mater-
nal levels and 82% of cord blood levels being above the reference

value from the CDC (5 lg=dL) (USPSTF et al. 2019) (Table 3).
In maternal blood, 20% of cadmium values were above the refer-
ence value (1:0 lg=L) (Schulz et al. 2007), whereas three of the
neonatal cord blood values exceeded the reference level for chil-
dren (0:5 lg=L). Six maternal mercury levels and 5% of neonatal
cord blood levels were higher than the reference value [4:6 lg=L
(Brodkin et al. 2007)]. Manganese does not have a reference level
for comparison.

Maternal and neonatal cord blood metals were correlated:
lead, r=0:84 (p<0:0001), manganese, r=0:25 (p<0:0001),
mercury, r=0:083 (p<0:0001), cadmium, r=0:31 (p=0:002).

Vitamin D Treatment and Metals Levels
Median maternal and neonatal cord blood lead levels were higher
in the vitamin D supplementation groups than in the placebo
group (Table 3). In the intent-to-treat analysis, compared with
placebo, maternal lead levels were 6.3% (−4:1, 18), 7.4% (−3:5,
20), and 6.0% (−3:4, 16) higher in the 4,200-, 16,800-, and
28,000-IU/wk treatment groups, respectively, with a likelihood
ratio test (LRT) p-value of 0.54 comparing models with indicator
variables for treatment groups and without (Table 4). For neona-
tal cord blood lead, compared with placebo, the vitamin D sup-
plementation groups had levels that were 8.5% (−3:5, 22), 16%
(3.3, 30), and 11% (0.4, 23) higher, respectively (LRT, 3 degrees
of freedom, p=0:08) (Table 4). The vitamin D supplementation
groups also had a higher risk of having detectable cord blood cad-
mium levels compared with placebo. The percentage differences
of maternal cadmium and cord blood mercury were positive for
each treatment group vs. placebo, but not statistically significant
and the magnitudes were small relative to the width of their confi-
dence intervals, and there was no evidence of a dose–response
effect. Treatment group differences for maternal mercury, mater-
nal manganese, and cord blood manganese were small (close to
null) and inconsistent in direction (Table 4).

Sensitivity Analyses
At baseline, the median 25OHD level was 25 nmol=L (interquar-
tile range: 17–34). As expected, women with higher levels of
25OHD at baseline showed a smaller increase in 25OHD across
the study (Table 5). For the most part, baseline 25OHD levels
were not correlated with metal levels at delivery. However, base-
line 25OHD was correlated with maternal mercury levels and
with neonatal cord blood mercury levels (Table 5). Consistent
with the primary results, the change in 25OHD from baseline to
delivery was also correlated with increased cord blood lead
(Table 5). After excluding 39 women with sufficient 25OHD

Table 2. (Continued.)

Characteristics

Overall

Treatment group (IU/wk)

p-Value

Placebo 4,200 16,800 28,000

n (%) n (%) n (%) n (%) n (%)

Medium fish consumption
Never 182 (29.4) 29 (24.6) 47 (33.3) 37 (30.6) 69 (28.9) 0.23
1–3 times a month 170 (27.5) 44 (37.3) 33 (23.4) 32 (26.4) 61 (25.5)
Once a week 61 (9.9) 9 (7.6) 13 (9.2) 17 (14.0) 22 (9.2)
≥2 times a week 206 (33.3) 36 (30.5) 48 (34.0) 35 (28.9) 87 (36.4)

Large fish consumption
Never 124 (20.0) 21 (17.8) 27 (19.1) 21 (17.4) 55 (23.0) 0.32
1–3 times a month 203 (32.8) 40 (33.9) 54 (38.3) 34 (28.1) 75 (31.4)
Once a week 91 (14.7) 12 (10.2) 18 (12.8) 22 (18.2) 39 (16.3)
≥2 times a week 201 (32.5) 45 (38.1) 42 (29.8) 44 (36.4) 70 (29.3)

Note: BMI, body mass index; Hb, hemoglobin; 25OHD, 25-hydroxyvitamin D.
aNumbers in other rows may not add to totals due to missing values.
bChi-square p-value, calculated without missing values where applicable.
cNumber of pregnancies, including the current pregnancy.
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(≥50 nmol=L) at baseline, percentage differences in cord blood
mercury from pregnancies in the treatment vs. placebo groups
were slightly higher, with little to no change in the remaining
point estimates or their precision; thus, our interpretation of the
primary results did not change (Table S1). Similarly, when
excluding women who received less than 95% of their scheduled
treatment doses, the results were unchanged other than the associ-
ation between treatment group and cord blood lead level, which
was slightly stronger (Table S1).

Women who reported that their water source was a deep tube
well had slightly higher cord blood lead levels than women who
reported that their water was pumped into their house or onto
their land [geometric mean (GM) 8.0 vs. 7:3 lg=L, respectively,
analysis of variance (ANOVA) p=0:09]. Maternal GM lead lev-
els were higher in overweight and obese women compared with
normal and underweight women (ANOVA p=0:0003; Table 6).

Metal levels differed across month of enrollment. Maternal and
neonatal lead and mercury were highest from June to November,
and lowest from December to May (Table S2). Maternal cad-
mium was highest between December and February, whereas
infant cord blood cadmium was more likely to be detectable from
September to February. Multivariable adjustment for water
source, month of enrollment, and BMI did not alter our interpre-
tations of the primary findings (Table S1). The percentage differ-
ences were larger with multivariable adjustment for maternal
lead and for cord blood lead with the exception of the lowest
treatment group, which was 0.1% smaller (Table S1). For mer-
cury, manganese, and maternal cadmium the multivariable-
adjusted percentage differences were small (<5:1% for all treat-
ment groups) and with confidence intervals centered on the null
value (Table S1). For cord blood cadmium, multivariable-
adjusted risk ratios were identical in the two highest treatment

Table 3.Metal levels in maternal delivery and neonatal cord blood samples, stratified by treatment group.

Samples

Overall Placebo

Treatment group (IU/wk)

Metal (IQR) 4,200 16,800 28,000

Maternal samples (n) 619 118 141 121 239
Cord blood samples (n) 516 100 104 111 201
Metal [median (IQR)]
Lead (lg=dL)
Maternala 9.0 (6.7–12) 8.6 (6.1–11) 9.0 (7.0–12) 9.6 (6.6–13) 9.2 (6.8–12)
Percentage above reference valueb 90 86 92 90 91
Cordc 7.6 (5.7–10) 6.7 (5.0–9.1) 7.6 (5.8–9.6) 8.3 (5.8–11) 7.7 (6.0–10)
Percentage above reference valueb 82 75 85 82 85

Cadmium (lg=dL)
Maternalc 0.7 (0.5–0.9) 0.7 (0.5–0.9) 0.7 (0.5–0.9) 0.7 (0.5–0.9) 0.7 (0.5–0.9)
Percentage above reference valueb 20 18 23 20 19
Cordd 24% (124) 15% (15) 33% (34) 21% (23) 26% (52)
Percentage above reference valueb 0.6 2.0 0.0 0.9 0.0

Mercury (lg=dL)c

Maternal 1.2 (0.9–1.5) 1.2 (0.9–1.6) 1.1 (0.9–1.5) 1.1 (1.0–1.6) 1.2 (0.9–1.5)
Percentage above reference valueb 1.0 0.8 1.4 1.6 0.4
Cord 2.2 (1.7–3.0) 2.1 (1.6–2.9) 2.1 (1.8–2.9) 2.4 (1.7–3.1) 2.3 (1.8–3.0)
Percentage above reference valueb 4.8 5.0 3.8 5.4 5.0

Manganese (lg=dL)
Maternal 18 (14–21) 18 (14–21) 18 (14–21) 18 (15–22) 17 (14–22)
Cord 40 (32–50) 40 (32–53) 38 (31–48) 40 (32–50) 41 (34–50)

Note: IQR, interquartile range; LOD, limit of detection.
aOne sample below the LOD was imputed as the LOD (0:1 lg=L).
bReference values for each metal were lead: 5 lg=dL, cadmium: 1:0 lg=L for adults and 0:5 lg=L for children, mercury: 4:6 lg=L. Manganese does not have an accepted reference
level.
cThe LODs for the metals were cadmium=0:1 lg=L, manganese = 0:99 lg=L, lead= 0:1 lg=L, and mercury= 0:28 lg=L. None of the cord blood lead, maternal cadmium, mercury,
or manganese values were below the LOD.
d76% of samples were undetectable, numbers shown are proportion detectable (n).

Table 4. Intent-to-treat analysis of relative metal levels in maternal (n=619) and neonatal cord (n=516) blood samples, compared with placebo.

Metal

Treatment group

4,200 IU/wk 16,800 IU/wk 28,000 IU/wk

p-Valuen Percentage difference (95% CI) n Percentage difference (95% CI) n Percentage difference (95% CI)

Lead
Maternala 141 6.3 (−4:1, 18) 121 7.4 (−3:5, 20) 239 6.0 (−3:4, 16) 0.54
Cord 104 8.5 (−3:5, 22) 111 16 (3.3, 30) 201 11 (0.4, 23) 0.08
Mercury
Maternal 141 −3:7 (−14, 8.0) 121 1.9 (−9:5, 15) 239 −4:2 (−14, 6.2) 0.61
Cord 104 4.3 (−7:0, 17) 111 7.5 (−4:1, 20) 201 6.3 (−3:9, 18) 0.60
Manganese
Maternal 141 1.0 (−6:5, 9.0) 121 3.9 (−4:0, 13) 239 0.1 (−6:6, 7.2) 0.72
Cord 104 −2:5 (−11, 6.3) 111 1.5 (−6:8, 11) 201 3.9 (−3:8, 12) 0.40
Cadmium
Maternal 141 6.6 (−5:0, 20) 121 4.9 (−7:0, 18) 239 1.6 (−8:4, 13) 0.67
Cordb 104 2.2 (1.3, 3.7) 111 1.4 (0.8, 2.5) 201 1.7 (1.0, 2.9) 0.02

Note: Placebo group: maternal blood samples, n=118, cord blood samples, n=100. CI, confidence interval; LOD, limit of detection.
aOne sample below the LOD was imputed as the LOD (0:1 lg=L).
b76% of samples were undetectable, relative risk (95% CI) of detectable cadmium.
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groups and only slightly smaller in the lowest treatment group
[RR=2:0 (95% confidence interval: 1.1, 3.6)] (Table S1).

Our data did not suggest large differences in vitamin D treat-
ment effects when stratified by BMI. Treatment effects did not
differ among women who were normal or underweight (n=335),
compared with overweight or obese women (n=227) for either
maternal lead levels (pinteraction = 0:69) or infant cord blood lead
levels (pinteraction = 0:93) (Table 6).

Discussion
In this randomized placebo-controlled trial of prenatal vitamin D
beginning in the second trimester of pregnancy, whole-blood
metal concentrations at the time of delivery did not differ
between women who received vitamin D supplementation com-
pared with placebo. For lead, the vitamin D treatment effect esti-
mates were in the hypothesized direction but were small with
confidence intervals that included the null. Women who received
supplementation had infants who were more likely to have de-
tectable cord blood cadmium levels and to have higher cord
blood lead levels, particularly the women in the two highest treat-
ment groups (16,800 and 28,000 IU). Accounting for baseline
25OHD or adherence to the assigned treatment regimen did not
change our conclusions.

We hypothesized that vitamin D supplementation would stim-
ulate an increase in maternal toxic metal absorption, leading to
higher whole-blood metal concentrations in women who received
vitamin D supplements. Treatment with active vitamin D, 1,25
dihydroxyvitamin D, has been shown to increase lead absorption
in rats and chicks, particularly if they were deficient (Moon
1994). 1,25 dihydroxyvitamin D, stimulates the expression of
both membrane calcium channels [e.g., transient receptor poten-
tial channel superfamily, vanilloid family, 6 (TRPV6)] in the
intestine and calcium-binding proteins (or calbindins), which
work together to absorb calcium (Christakos et al. 2017). TRPV6
is also found in the placenta (Kovacs et al. 2011) and may pro-
vide a pathway for calcium to enter the fetus. TRPV6 (Kovacs
et al. 2011) and calbindins (Wasserman and Corradino 1973) can
also bind to cadmium and to lead, potentially with higher affinity
(Fullmer et al. 1985). This suggests that toxic metals may follow
active transcellular calcium absorption and fetal transfer path-
ways. At the same time, this does not preclude the possibility of
other absorption pathways. Animal studies indicate increases in
metal levels can occur through additional pathways that do not
depend on calcium transporters (Moon 1994). For example, cal-
cium can also be absorbed through a passive process that occurs
across intercellular spaces when intraluminal concentrations are
high (Christakos et al. 2017) and vitamin D can regulate proteins
that influence the space between intestinal cells (Christakos et al.
2017). These pathways focus on lead and cadmium, and they
may be applicable to mercury and manganese given that they are
also divalent cations. The literature investigating mercury and
manganese is sparse. One study has reported no effect of vitamin
D on mercury absorption (Masuhara and Migicovsky 1963). In a
colorectal carcinoma cell line, active vitamin D treatment
increased manganese transporter gene and protein expression
(Claro da Silva et al. 2016).

Our study was limited by a single measurement of metals, and
we were unable to investigate longitudinal changes in maternal
metal levels across pregnancy thatmight have resulted from vitamin
D treatment. The half-life of blood lead in adults is ∼ 28–36 d
(ATSDR 2019), and treatment in this study spanned an ∼ 20-wk
window. Moreover, previous studies of maternal blood lead across
pregnancy show either a U-shaped or increasing curve toward the
third trimester,when calcium requirements increase and bone is bro-
ken down, liberating stored lead (ATSDR 2007). The nadir in bloodT
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lead is at ∼ 20 wk of gestation (Gulson et al. 2016).Women entered
our study around this time, and, thus, if vitamin D has no effect, we
would expect blood lead levels to increase equally across gestation
in all groups. Calcium supplementation changes the pattern of blood
lead increase across gestation (Gulson et al. 2016), and it is not clear
how vitamin D and calcium together may influence this pattern.
VitaminDmay simultaneously reduce bone lead liberation but stim-
ulate lead uptake, potentially resulting in small net effects on mater-
nal blood lead. A further limitation is that detailed, objective
information regarding adherence to the calcium supplementation
was not collected prospectively during the trial, although women’s
self-reported information suggests high adherence.

Additional limitations of our study include that BMI was
measured at 12 months postpartum given that no measure of pre-
pregnancy BMI was collected. Metals were measured only on a
subset of the trial participants because some specimens were ei-
ther missing or unsuitable for analysis. This can lead to selection
bias if those that are measured differ from the full cohort. We
found some difference between the groups with respect to BMI
and month of enrollment; however, analyses accounting for these
factors did not alter our conclusions. Although we found sugges-
tive evidence of differences in metal levels by water source, the
accuracy of reports of water source is uncertain, and it is unclear
how reported water source in this setting might reflect water qual-
ity or metal levels more directly. Finally, the use of blood manga-
nese as a biomarker of manganese exposure has been questioned
(ATSDR 2012b), and individual variability in blood manganese
levels may have limited our ability to detect an association
between vitamin D treatment and manganese level.

For the most part, we did not see increases in maternal metal
levels with vitamin D treatment; however, there were increases in
neonatal cord blood lead and cadmium in the treatment groups.
In a previous study by this research group, maternal vitamin D
supplementation (without calcium) was associated with small
increases in maternal serum calcium at delivery (0:02mmol=L)
and neonatal cord blood calcium levels (0:05mmol=L)
(Harrington et al. 2014). These changes are small, most likely
due to the tight regulation of calcium in adult blood (between 2.2
and 2:7mmol=L) (Goldstein 1990). However, the direction of the
observed associations agrees with the results of one study of
sheep that reported an increase in calcium levels in fetal tissues
with maternal vitamin D supplementation, moreover plasma lev-
els of calcium were higher in the fetus compared with the mater-
nal plasma, suggesting active transfer of calcium across the
placenta (Durand et al. 1983). It is possible that toxic metals are
analogously transferred across the placenta through molecular
mimicry. As with calcium, this might also lead to higher metals
levels in the fetal compartment than in the maternal circulation.
In our sample, maternal and neonatal cord blood metal levels
were correlated. Given that we did not observe increases in neo-
natal cord blood mercury and manganese, these placental transfer
mechanisms may not be equally accessible across metals. It is

also possible that vitamin D supplementation increases calcium
absorption or affects circulating calcium levels, which in turn
affect metal levels. One previous cross-sectional study reported
that calcium intake was inversely related to maternal lead level
during pregnancy (Lee 2013). In our study population, we saw
that vitamin D treatment slightly increased serum calcium levels,
with little effect on maternal lead levels and a larger increase in
cord blood lead levels. Thus, although the increase in calcium we
observed was not associated with a reduction in circulating lead,
serum calcium may be a mediator on the pathway between vita-
min D and metals levels.

Few studies have examined the correlations between vitamin
D treatment and metal levels. In a small study of HIV-positive
children and adolescents (n=44), vitamin D treatment was not
associated with increased blood lead levels, and increased
25OHD was associated with a decrease in blood lead levels
(Groleau et al. 2013). The generalizability of these findings is
unclear, given the potential role of HIV and antiretroviral therapy
on bone disease (Gedmintas and Solomon 2012). One random-
ized trial of calcium supplementation during pregnancy reported
decreased blood lead levels among Mexican mothers who
received 1,200 mg=d of calcium (Ettinger et al. 2009).
Observational studies have reported inverse associations between
maternal dietary intake of vitamin D and cord blood lead levels
(Schell et al. 2000), maternal cadmium and lead (Arbuckle et al.
2016), or cadmium levels (Suh et al. 2016). A National Health
and Nutrition Examination Survey study reported no correlation
between 25OHD and blood lead in nonpregnant women (Jackson
et al. 2010). We did not find any studies investigating associa-
tions between vitamin D intake and mercury or manganese. It is
possible that higher dietary vitamin D intake is associated with
higher calcium intake, which can block the absorption of toxic
metals (Goyer 1997; Moon 1994). Observational studies are diffi-
cult to interpret, however, given that some have assessed vitamin
D through self-reported diet without biomarkers of vitamin D. In
addition, the observational design limits causal inference given
that it has also been reported that higher exposure to metals influ-
ences vitamin D metabolism and function (Moon 1994). Given
the interaction between toxic metals and vitamin D, a randomized
trial is the ideal study design for detecting changes in circulating
levels of metals that result from vitamin D supplementation.

Our study is the first to examine differences in circulating
lead, cadmium, manganese, and mercury in pregnant women par-
ticipating in a randomized trial of vitamin D. Compared with the
placebo group, vitamin D–treatment groups had higher cord
blood lead concentrations with no evidence of a dose–response
relationship. The frequency of detectable cord blood cadmium
was also higher in the treatment groups. These associations were
not seen in maternal blood. Future research regarding maternal
vitamin D supplementation should investigate whether there are
transient increases in maternal metal levels across pregnancy that
are resolved prior to delivery. In addition, future research should

Table 6. Analysis of relative lead levels in maternal and neonatal cord blood samples compared with placebo, stratified by BMI.

Metal n Geometric mean

Treatment group (IU/wk)

p-Valuea
4,200 16,800 28,000

Percentage difference (95% CI) Percentage difference (95% CI) Percentage difference (95% CI)

Maternal lead
Low/normal BMI 335 8.4 8.4 (−5:6, 24) 12 (−3:8, 29) 6.7 (−6:1, 21) 0.70
Overweight/obese 227 9.6 12 (−5:6, 33) 3.7 (−12, 22) 10 (−5:2, 29)
Cord blood lead
Low/normal BMI 304 7.3 13 (−3:1, 31) 20 (3.0, 40) 20 (5.0, 37) 0.93
Overweight/obese 179 7.6 8.8 (−12, 34) 17 (−2:8, 42) 12 (−6:4, 34)

Note: BMI, body mass index; CI, confidence interval.
aLikelihood ratio p-value testing the interaction between BMI and vitamin D treatment group.
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examine whether the increase in cord blood metals persists or
whether this increase is temporary either with supplementation or
while in utero. Finally, all women in this trial were supplemented
with calcium in addition to vitamin D. It is well known that cal-
cium supplementation can prevent toxic metal absorption (CDC
2002; Goyer 1997), which may have reduced any direct effect of
vitamin D supplementation on metals levels. It is possible that
higher levels of calcium supplementation are required with higher
levels of vitamin D supplementation to fully prevent the absorp-
tion of toxic metals. The relationship between vitamin D supple-
mentation, calcium supplementation, and metals levels should be
further studied. There are no safe levels of metal exposures and
any increase caused by vitamin D supplementation requires fur-
ther exploration.

Acknowledgments
The authors would like to thank all MDIG trial participants,

personnel and co-investigators; Dr. Robert Bandsma for sharing
laboratory resources for this project; Ulaina Tariq for data
management support; Akpevwe Onoyovwi, Shachi Kansara, and
Fatima Selim for assistance with preparing whole blood samples;
and, Hayley Craig-Barnes and Ashley St. Pierre of the Analytical
Facility for Bioactive Molecules (AFBM) at SickKids for
assistance with 25-hydroxyvitamin D measurements. The original
MDIG trial and the heavy metal laboratory analyses were funded
by The Bill and Melinda Gates Foundation (OPP1066764 and
OPP1176987). This research was also supported in part by the
Intramural Research Program of the National Institutes of Health,
National Institute of Environmental Health Sciences under project
number Z01ES103333. We acknowledge the Centers for Disease
Control and Prevention’s Inorganic and Radiation Analytical
Toxicology Laboratory for their assistance in the analysis of the
blood and serum samples. We extend special thanks to K.L.
Caldwell, J.M. Jarrett, C.D. Ward, R.L. Jones, M. Franklin, D.M.
Saldivia, Z. Fultz,M. Nail, andK.Wallon.

References
Arbuckle TE, Liang CL, Morisset AS, Fisher M, Weiler H, Cirtiu CM, et al. 2016.

Maternal and fetal exposure to cadmium, lead, manganese and mercury: the
MIREC study. Chemosphere 163:270–282, PMID: 27540762, https://doi.org/10.
1016/j.chemosphere.2016.08.023.

ATSDR (Agency for Toxic Substances and Disease Registry). 1999. Toxicological
profile for mercury. http://www.atsdr.cdc.gov/ToxProfiles/TP.asp?id=115&tid=
24 [accessed 7 September 2016].

ATSDR. 2007. Toxicological profile for lead. http://www.atsdr.cdc.gov/ToxProfiles/
TP.asp?id=96&tid=22 [accessed 7 September 2016].

ATSDR. 2012a. Toxicological profile for cadmium. http://www.atsdr.cdc.gov/
ToxProfiles/TP.asp?id=48&tid=15 [accessed 7 September 2016].

ATSDR. 2012b. Toxicological profile for manganese. https://www.atsdr.cdc.gov/
ToxProfiles/tp.asp?id=102&tid=23 [accessed 31 October 2020].

ATSDR. 2019. Lead toxicity, what is the biological fate of lead in the body? https://
www.atsdr.cdc.gov/csem/csem.asp?csem=34&po=9 [accessed 1 April 2020].

Bloom MS, Buck Louis GM, Sundaram R, Maisog JM, Steuerwald AJ, Parsons PJ.
2015. Birth outcomes and background exposures to select elements, the
Longitudinal Investigation of Fertility and the Environment (LIFE). Environ Res
138:118–129, PMID: 25707016, https://doi.org/10.1016/j.envres.2015.01.008.

Brodkin E, Copes R, Mattman A, Kennedy J, Kling R, Yassi A. 2007. Lead and mer-
cury exposures: interpretation and action. CMAJ 176(1):59–63, PMID: 17200393,
https://doi.org/10.1503/cmaj.060790.

Caudill SP, Schleicher RL, Pirkle JL. 2008. Multi-rule quality control for the Age-
Related Eye Disease Study. Stat Med 27(20):4094–4106, PMID: 18344178,
https://doi.org/10.1002/sim.3222.

CDC (Centers for Disease Control and Prevention). 2002. Managing Elevated Blood
Lead Levels Among Young Children: Recommendations from the Advisory
Committee on Childhood Lead Poisoning Prevention. http://www.cdc.gov/nceh/
lead/casemanagement/managingEBLLs.pdf [accessed 16 September 2016].

CDC. 2012. Laboratory Procedure Manual: Cadmium, Lead, Manganese, Mercury,
and Selenium. Method No. DLS 3016.8. http://www.cdc.gov/nchs/data/nhanes/
nhanes_11_12/PbCd_G_met_blood%20metals.pdf [accessed 7 September 2016].

Christakos S, Veldurthy V, Patel N, Wei R. 2017. Intestinal regulation of calcium:
vitamin D and bone physiology. In: Understanding the Gut-Bone Signaling Axis.
McCabe L, Parameswaran N, eds. Cham, Switzerland: Springer, 3–12.

Claro da Silva T, Hiller C, Gai Z, Kullak-Ublick GA. 2016. Vitamin D3 transactivates
the zinc and manganese transporter SLC30A10 via the vitamin D receptor. J
Steroid Biochem Mol Biol 163:77–87, PMID: 27107558, https://doi.org/10.1016/j.
jsbmb.2016.04.006.

Durand D, Braithwaite GD, Barlet JP. 1983. The effect of 1α-hydroxycholecalciferol
on the placental transfer of calcium and phosphate in sheep. Br J Nutr
49(3):475–480, PMID: 6860626, https://doi.org/10.1079/bjn19830056.

Durup D, Jørgensen HL, Christensen J, Tjønneland A, Olsen A, Halkjær J, et al.
2015. A reverse J-shaped association between serum 25-hydroxyvitamin D and
cardiovascular disease mortality: the CopD study. J Clin Endocrinol Metab
100(6):2339–2346, PMID: 25710567, https://doi.org/10.1210/jc.2014-4551.

Ettinger AS, Lamadrid-Figueroa H, Téllez-Rojo MM, Mercado-García A, Peterson
KE, Schwartz J, et al. 2009. Effect of calcium supplementation on blood lead
levels in pregnancy: a randomized placebo-controlled trial. Environ Health
Perspect 117(1):26–31, PMID: 19165383, https://doi.org/10.1289/ehp.11868.

Fullmer CS, Edelstein S, Wasserman RH. 1985. Lead-binding properties of intestinal
calcium-binding proteins. J Biol Chem 260(11):6816–6819, PMID: 3997849.

Gardner RM, Kippler M, Tofail F, Bottai M, Hamadani J, Grandér M, et al. 2013.
Environmental exposure to metals and children’s growth to age 5 years: a pro-
spective cohort study. Am J Epidemiol 177(12):1356–1367, PMID: 23676282,
https://doi.org/10.1093/aje/kws437.

Gedmintas L, Solomon DH. 2012. HIV and its effects on bone: a primer for rheuma-
tologists. Curr Opin Rheumatol 24(5):567–575, PMID: 22820515, https://doi.org/
10.1097/BOR.0b013e328356d266.

Goldstein DA. 1990. Serum calcium. In: Clinical Methods: The History, Physical,
and Laboratory Examinations. Walker HK, Hall WD, Hust JW, eds. 3rd ed.
Boston, MA: Butterworths.

Goyer RA. 1997. Toxic and essential metal interactions. Annu Rev Nutr 17:37–50,
PMID: 9240918, https://doi.org/10.1146/annurev.nutr.17.1.37.

Groleau V, Herold RA, Schall JI, Wagner JL, Dougherty KA, Zemel BS, et al. 2013.
Blood lead concentration is not altered by high-dose vitamin D supplementa-
tion in children and young adults with HIV. J Pediatr Gastroenterol Nutr
56(3):316–319, PMID: 23059649, https://doi.org/10.1097/MPG.0b013e3182758c4a.

Gulson B, Mizon K, Korsch M, Taylor A. 2016. Revisiting mobilisation of skeletal
lead during pregnancy based on monthly sampling and cord/maternal blood
lead relationships confirm placental transfer of lead. Arch Toxicol 90(4):805–
816, PMID: 25877328, https://doi.org/10.1007/s00204-015-1515-8.

Harrington J, Perumal N, Al Mahmud A, Baqui A, Roth DE. 2014. Vitamin D and
fetal–neonatal calcium homeostasis: findings from a randomized controlled
trial of high-dose antenatal vitamin D supplementation. Pediatr Res 76(3):302–
309, PMID: 24937546, https://doi.org/10.1038/pr.2014.83.

Hasan MK, Shahriar A, Jim KU. 2019. Water pollution in Bangladesh and its impact
on public health. Heliyon 5(8):e02145, PMID: 31406938, https://doi.org/10.1016/j.
heliyon.2019.e02145.

Holick MF, Binkley NC, Bischoff-Ferrari HA, Gordon CM, Hanley DA, Heaney RP,
et al. 2011. Evaluation, treatment, and prevention of vitamin D deficiency: an
endocrine society clinical practice guideline. J Clin Endocrinol Metab
96(7):1911–1930, PMID: 21646368, https://doi.org/10.1210/jc.2011-0385.

Hollis BW. 2004. Editorial: the determination of circulating 25-hydroxyvitamin D:
no easy task. J Clin Endocrinol Metab 89(7):3149–3151, PMID: 15240585,
https://doi.org/10.1210/jc.2004-0682.

Institute of Medicine (US) Committee on the Prevention Detection, and Management
of Iron Deficiency Anemia Among U.S. Children and Women of Childbearing
Age. 1993. Iron Deficiency Anemia: Recommended Guidelines for the Prevention,
Detection, and Management among U.S. Children and Women of Childbearing
Age. Earl R, Woteki CR, eds. Washington (DC): National Academies Press.

Institute of Medicine (US) Committee to Review Dietary Reference Intakes for
Vitamin D and Calcium. 2011. Dietary Reference Intakes for Calcium and Vitamin
D. Ross AC, Taylor CL, Yaktine A, Del Valle HB, eds. Washington, DC: National
Academies Press.

Jackson LW, Cromer BA, Panneerselvamm A. 2010. Association between bone
turnover, micronutrient intake, and blood lead levels in pre- and postmeno-
pausal women, NHANES 1999–2002. Environ Health Perspect 118(11):1590–
1596, PMID: 20688594, https://doi.org/10.1289/ehp.1002158.

Johnston JE, Valentiner E, Maxson P, Miranda ML, Fry RC. 2014. Maternal cadmium
levels during pregnancy associated with lower birth weight in infants in a North
Carolina cohort. PLoS One 9(10):e109661, PMID: 25285731, https://doi.org/10.
1371/journal.pone.0109661.

Kim S. 2016. Overview of cotinine cutoff values for smoking status classification.
Int J Environ Res Public Health 13(12):1236, PMID: 27983665, https://doi.org/10.
3390/ijerph13121236.

Kim Y, Ha EH, Park H, Ha M, Kim Y, Hong YC, et al. 2013. Prenatal lead and cad-
mium co-exposure and infant neurodevelopment at 6 months of age: the

Environmental Health Perspectives 117007-10 128(11) November 2020

https://www.ncbi.nlm.nih.gov/pubmed/27540762
https://doi.org/10.1016/j.chemosphere.2016.08.023
https://doi.org/10.1016/j.chemosphere.2016.08.023
http://www.atsdr.cdc.gov/ToxProfiles/TP.asp?id=115&tid=24
http://www.atsdr.cdc.gov/ToxProfiles/TP.asp?id=115&tid=24
http://www.atsdr.cdc.gov/ToxProfiles/TP.asp?id=96&tid=22
http://www.atsdr.cdc.gov/ToxProfiles/TP.asp?id=96&tid=22
http://www.atsdr.cdc.gov/ToxProfiles/TP.asp?id=48&tid=15
http://www.atsdr.cdc.gov/ToxProfiles/TP.asp?id=48&tid=15
https://www.atsdr.cdc.gov/ToxProfiles/tp.asp?id=102&tid=23
https://www.atsdr.cdc.gov/ToxProfiles/tp.asp?id=102&tid=23
https://www.atsdr.cdc.gov/csem/csem.asp?csem=34&po=9
https://www.atsdr.cdc.gov/csem/csem.asp?csem=34&po=9
https://www.ncbi.nlm.nih.gov/pubmed/25707016
https://doi.org/10.1016/j.envres.2015.01.008
https://www.ncbi.nlm.nih.gov/pubmed/17200393
https://doi.org/10.1503/cmaj.060790
https://www.ncbi.nlm.nih.gov/pubmed/18344178
https://doi.org/10.1002/sim.3222
http://www.cdc.gov/nceh/lead/casemanagement/managingEBLLs.pdf
http://www.cdc.gov/nceh/lead/casemanagement/managingEBLLs.pdf
http://www.cdc.gov/nchs/data/nhanes/nhanes_11_12/PbCd_G_met_blood%20metals.pdf
http://www.cdc.gov/nchs/data/nhanes/nhanes_11_12/PbCd_G_met_blood%20metals.pdf
https://www.ncbi.nlm.nih.gov/pubmed/27107558
https://doi.org/10.1016/j.jsbmb.2016.04.006
https://doi.org/10.1016/j.jsbmb.2016.04.006
https://www.ncbi.nlm.nih.gov/pubmed/6860626
https://doi.org/10.1079/bjn19830056
https://www.ncbi.nlm.nih.gov/pubmed/25710567
https://doi.org/10.1210/jc.2014-4551
https://www.ncbi.nlm.nih.gov/pubmed/19165383
https://doi.org/10.1289/ehp.11868
https://www.ncbi.nlm.nih.gov/pubmed/3997849
https://www.ncbi.nlm.nih.gov/pubmed/23676282
https://doi.org/10.1093/aje/kws437
https://www.ncbi.nlm.nih.gov/pubmed/22820515
https://doi.org/10.1097/BOR.0b013e328356d266
https://doi.org/10.1097/BOR.0b013e328356d266
https://www.ncbi.nlm.nih.gov/pubmed/9240918
https://doi.org/10.1146/annurev.nutr.17.1.37
https://www.ncbi.nlm.nih.gov/pubmed/23059649
https://doi.org/10.1097/MPG.0b013e3182758c4a
https://www.ncbi.nlm.nih.gov/pubmed/25877328
https://doi.org/10.1007/s00204-015-1515-8
https://www.ncbi.nlm.nih.gov/pubmed/24937546
https://doi.org/10.1038/pr.2014.83
https://www.ncbi.nlm.nih.gov/pubmed/31406938
https://doi.org/10.1016/j.heliyon.2019.e02145
https://doi.org/10.1016/j.heliyon.2019.e02145
https://www.ncbi.nlm.nih.gov/pubmed/21646368
https://doi.org/10.1210/jc.2011-0385
https://www.ncbi.nlm.nih.gov/pubmed/15240585
https://doi.org/10.1210/jc.2004-0682
https://www.ncbi.nlm.nih.gov/pubmed/20688594
https://doi.org/10.1289/ehp.1002158
https://www.ncbi.nlm.nih.gov/pubmed/25285731
https://doi.org/10.1371/journal.pone.0109661
https://doi.org/10.1371/journal.pone.0109661
https://www.ncbi.nlm.nih.gov/pubmed/27983665
https://doi.org/10.3390/ijerph13121236
https://doi.org/10.3390/ijerph13121236


Mothers and Children’s Environmental Health (MOCEH) study. Neurotoxicology
35:15–22, PMID: 23220728, https://doi.org/10.1016/j.neuro.2012.11.006.

Kippler M, Tofail F, Gardner R, Rahman A, Hamadani JD, Bottai M, et al. 2012a.
Maternal cadmium exposure during pregnancy and size at birth: a prospective
cohort study. Environ Health Perspect 120(2):284–289, PMID: 21862444,
https://doi.org/10.1289/ehp.1103711.

Kippler M, Wagatsuma Y, Rahman A, Nermell B, Persson LÅ, Raqib R, et al. 2012b.
Environmental exposure to arsenic and cadmium during pregnancy and fetal
size: a longitudinal study in rural Bangladesh. Reprod Toxicol 34(4):504–511,
PMID: 22985739, https://doi.org/10.1016/j.reprotox.2012.08.002.

Kovacs G, Danko T, Bergeron MJ, Balazs B, Suzuki Y, Zsembery A, et al. 2011.
Heavy metal cations permeate the TRPV6 epithelial cation channel. Cell
Calcium 49(1):43–55, PMID: 21146870, https://doi.org/10.1016/j.ceca.2010.11.007.

Lee YA, Hwang JY, Kim H, Kim KN, Ha EH, Park H, et al. 2013. Relationship
between maternal sodium intake and blood lead concentration during preg-
nancy. Br J Nutr 109(5):853–858, PMID: 22784671, https://doi.org/10.1017/
S0007114512002760.

Masuhara T, Migicovsky BB. 1963. Vitamin D and the intestinal absorption of iron and
cobalt. J Nutr 80(3):332–336, PMID: 13933502, https://doi.org/10.1093/jn/80.3.332.

Moon J. 1994. The role of vitamin D in toxic metal absorption: a review. J Am Coll Nutr
13(6):559–564, PMID: 7706586, https://doi.org/10.1080/07315724.1994.10718447.

Ngueta G, Gonthier C, Levallois P. 2015. Colder-to-warmer changes in children’s
blood lead concentrations are related to previous blood lead status: results
from a systematic review of prospective studies. J Trace Elem Med Biol 29:39–
46, PMID: 25154583, https://doi.org/10.1016/j.jtemb.2014.07.004.

Roth DE, Gernand AD, Morris SK, Pezzack B, Islam MM, Dimitris MC, et al. 2015.
Maternal vitamin D supplementation during pregnancy and lactation to pro-
mote infant growth in Dhaka, Bangladesh (MDIG trial): study protocol for a
randomized controlled trial. Trials 16:300, PMID: 26169781, https://doi.org/10.
1186/s13063-015-0825-8.

Roth DE, Morris SK, Zlotkin S, Gernand AD, Ahmed T, Shanta SS, et al. 2018. Vitamin
D supplementation in pregnancy and lactation and infant growth. N Engl J Med
379(6):535–546, PMID: 30089075, https://doi.org/10.1056/NEJMoa1800927.

Schell LM, Czerwinski S, Stark AD, Parsons PJ, Gomez M, Samelson R. 2000.
Variation in blood lead and hematocrit levels during pregnancy in a socioeco-
nomically disadvantaged population. Arch Environ Health 55(2):134–140, PMID:
10821515, https://doi.org/10.1080/00039890009603400.

Schulz C, Angerer J, Ewers U, Kolossa-Gehring M. 2007. The German Human
Biomonitoring Commission. Int J Hyg Environ Health 210(3–4):373–382, PMID:
17337242, https://doi.org/10.1016/j.ijheh.2007.01.035.

Schwalfenberg GK, Genuis SJ. 2015. Vitamin D, essential minerals, and toxic ele-
ments: exploring interactions between nutrients and toxicants in clinical medi-
cine. ScientificWorldJournal 2015:318595, PMID: 26347061, https://doi.org/10.
1155/2015/318595.

Suh YJ, Lee JE, Lee DH, Yi HG, Lee MH, Kim CS, et al. 2016. Prevalence and rela-
tionships of iron deficiency anemia with blood cadmium and vitamin D levels in
Korean women. J Korean Med Sci 31(1):25–32, PMID: 26770034, https://doi.org/
10.3346/jkms.2016.31.1.25.

USPSTF (US Preventive Services Task Force), Curry SJ, Krist AH, Owens DK, Barry
MJ, Cabana M, et al. 2019. Screening for elevated blood lead levels in children
and pregnant women: US Preventive Services Task Force recommendation
statement. JAMA 321(15):1502–1509, PMID: 30990556, https://doi.org/10.1001/
jama.2019.3326.

Wagner CL, Hollis BW. 2018. The implications of vitamin D status during pregnancy
on mother and her developing child. Front Endocrinol (Lausanne) 9:500, PMID:
30233496, https://doi.org/10.3389/fendo.2018.00500.

Ward CD, Williams RJ, Mullenix K, Syhapanha I, Jones RL, Caldwell K. 2018. Trace
metals screening process of devices used for the collection, analysis, and
storage of biological specimens. At Spectrosc 39(6):219–228, PMID: 32336846,
https://doi.org/10.46770/AS.2018.06.001.

Wasserman RH, Corradino RA. 1973. Vitamin D, calcium, and protein synthesis. Vitam
Horm 31:43–103, PMID: 4377909, https://doi.org/10.1016/s0083-6729(08)60996-6.

Yu XD, Yan CH, Shen XM, Tian Y, Cao LL, Yu XG, et al. 2011. Prenatal exposure to mul-
tiple toxic heavy metals and neonatal neurobehavioral development in Shanghai,
China. Neurotoxicol Teratol 33(4):437–443, PMID: 21664460, https://doi.org/10.1016/
j.ntt.2011.05.010.

Environmental Health Perspectives 117007-11 128(11) November 2020

https://www.ncbi.nlm.nih.gov/pubmed/23220728
https://doi.org/10.1016/j.neuro.2012.11.006
https://www.ncbi.nlm.nih.gov/pubmed/21862444
https://doi.org/10.1289/ehp.1103711
https://www.ncbi.nlm.nih.gov/pubmed/22985739
https://doi.org/10.1016/j.reprotox.2012.08.002
https://www.ncbi.nlm.nih.gov/pubmed/21146870
https://doi.org/10.1016/j.ceca.2010.11.007
https://www.ncbi.nlm.nih.gov/pubmed/22784671
https://doi.org/10.1017/S0007114512002760
https://doi.org/10.1017/S0007114512002760
https://www.ncbi.nlm.nih.gov/pubmed/13933502
https://doi.org/10.1093/jn/80.3.332
https://www.ncbi.nlm.nih.gov/pubmed/7706586
https://doi.org/10.1080/07315724.1994.10718447
https://www.ncbi.nlm.nih.gov/pubmed/25154583
https://doi.org/10.1016/j.jtemb.2014.07.004
https://www.ncbi.nlm.nih.gov/pubmed/26169781
https://doi.org/10.1186/s13063-015-0825-8
https://doi.org/10.1186/s13063-015-0825-8
https://www.ncbi.nlm.nih.gov/pubmed/30089075
https://doi.org/10.1056/NEJMoa1800927
https://www.ncbi.nlm.nih.gov/pubmed/10821515
https://doi.org/10.1080/00039890009603400
https://www.ncbi.nlm.nih.gov/pubmed/17337242
https://doi.org/10.1016/j.ijheh.2007.01.035
https://www.ncbi.nlm.nih.gov/pubmed/26347061
https://doi.org/10.1155/2015/318595
https://doi.org/10.1155/2015/318595
https://www.ncbi.nlm.nih.gov/pubmed/26770034
https://doi.org/10.3346/jkms.2016.31.1.25
https://doi.org/10.3346/jkms.2016.31.1.25
https://www.ncbi.nlm.nih.gov/pubmed/30990556
https://doi.org/10.1001/jama.2019.3326
https://doi.org/10.1001/jama.2019.3326
https://www.ncbi.nlm.nih.gov/pubmed/30233496
https://doi.org/10.3389/fendo.2018.00500
https://www.ncbi.nlm.nih.gov/pubmed/32336846
https://doi.org/10.46770/AS.2018.06.001
https://www.ncbi.nlm.nih.gov/pubmed/4377909
https://doi.org/10.1016/s0083-6729(08)60996-6
https://www.ncbi.nlm.nih.gov/pubmed/21664460
https://doi.org/10.1016/j.ntt.2011.05.010
https://doi.org/10.1016/j.ntt.2011.05.010

	Vitamin D Treatment during Pregnancy and Maternal and Neonatal Cord Blood Metal Concentrations at Delivery: Results of a Randomized Controlled Trial in Bangladesh
	Introduction
	Methods
	Study Population
	Blood Collection
	Measurement of Metals
	Measurement of 25OHD
	Covariates
	Statistical Analysis
	Sensitivity Analyses

	Results
	Descriptive Characteristics
	Vitamin D Treatment and Metals Levels
	Sensitivity Analyses

	Discussion
	Acknowledgments
	References


